¢,¢-Difluorostyrenes constitute a major class of compounds in 1,1-difluoro-1-alkenes and have attracted considerable attention, especially as building blocks for fluorine-containing organic molecules 1 and as monomers for functional polymers. 2 To date several methodologies have been established for the synthesis of ¢,¢-difluorostyrenes. Typically phosphane ylide-based reactions 3 and metal-mediated coupling reactions 4, 5 have been used. 6 While the synthetic methods via phosphane ylide intermediates require arylaldehydes and an excess amount of expensive phosphanes, metal-mediated reactions are more straightforward. Two types of metal-mediated coupling reactions have been developed: coupling reactions between 2,2-difluorovinylmetal reagents and aryl halides (eq 1) 4 and between arylmetal reagents and difluorovinyl halides. 5 In both cases, the use of difluorovinyl halides, which are rarely commercially available, is required. In 1985, Sauvêtre and Normant achieved the preparation of a difluorovinylzinc reagent directly from commercially available 1,1-difluoroethylene, the smallest compound in the 1,1-difluoro-1-alkene family, by sequential lithiation and zincation.
7 They applied this reagent to the palladium-catalyzed coupling reaction with heteroaryl halides, albeit in low yield (eq 2). 7b The low yield obtained was probably due to the poor stability of the intermediary difluorovinylzinc chloride in the presence of a lithium salt. 8, 9 Herein we report the preparation of a thermally stable difluorovinylzinc reagent by complexation with N,N,N¤,N¤-tetramethylethylenediamine (TMEDA), which allows the efficient synthesis of ¢,¢-difluorostyrenes via the palladium-catalyzed Negishi coupling reaction (eq 3). The conditions furnished 2,2-difluorovinylzinc chloride in 50% yield (Table 1 , Entry 1). The main reason for the low yield might be due to the decomposition of 2,2-difluorovinylzinc chloride to fluoroacetylene. 8, 9 Next we screened monodentate amine ligands (2.6 equiv) as additives. Use of NMP and pyridine decreased the yield of the corresponding complexes 2 (Entries 2 and 3), whereas NEt 3 marginally enhanced the formation of 2 (Entry 4). While 1,4-diazabicyclo[2.2.2]octane (DABCO), which can act as an exobidentate ligand, prevented the process (Entry 5), addition of TMEDA turned out to be highly effective for the formation of 2 (Entries 69). 12, 13 The best result (95% yield) was obtained when s-BuLi was added to the mixture of 1 and TMEDA, followed by addition of ZnCl 2 (Entry 7).
14 The obtained zincTMEDA complex 2a is thermally stable and thus storable.
Having prepared thermally stable difluorovinylzincTMEDA complex 2a, its palladium-catalyzed Negishi coupling was examined using a wide variety of aryl halides and pseudohalides (Table 2) . Aryl iodides 3a3d, aryl bromide 3e, and aryl triflate 3f participated in the coupling reaction to produce difluorostyrenes 4a4f, respectively, in high yield (Entries 16). 15, 16 In the reaction of 3g3j, PEPPSI-IPr was used as an electron-rich palladium catalyst or Cy-JohnPhos as an electron-rich ligand (Entries 710). 17, 18 Sterically hindered ortho-monosubstituted substrate 3g (Entry 7) and ortho-disubstituted substrates 3h and 3i (Entries 8 16 successfully underwent the coupling reaction. Even the reaction of aryl chloride 3j efficiently proceeded to give 4g in good yield (Entry 10).
It is noteworthy that the reaction exhibited complete chemoselectivity (Table 3) . Both 3-iodophenyl triflate (3k) and 3-bromo-4-iodobiphenyl (3l) showed thorough selective substitution of the iodo group (Entries 1 and 2) . Likewise, the triflyloxy groups of 3m and 3n were exclusively substituted over the chlorine atoms (Entries 3 and 4). In the case of 3-bromophenyl triflate (3o), the triflyloxy group reacted preferentially (>85% selectivity), although triflates and bromides generally show similar reactivity toward transition-metal-catalyzed coupling reactions (Entry 5). As a result, the relative reactivity of aryl halides and pseudohalides was found to be in the order of I > OTf > Br > Cl. 19 Intriguingly, even a boronate ester moiety was tolerated in this coupling reaction. Boronate ester 5 bearing a chlorine atom was reacted with the difluorovinylzincTMEDA complex 2a to give the corresponding difluorostyrene 6 in high yield without the formation of any self-SuzukiMiyaura coupling products (eq 4). The subsequent transformation of boronate 6 into trifluoroborate 7 followed by the subsequent SuzukiMiyaura coupling with 3-iodophenol afforded the desired coupling product 8. The direct Negishi coupling of 2a and 2¤-halobiphenyl-3-ol cannot produce 8, because the zinc reagent undergoes protonolysis with a phenolic hydroxy group. However, the outstanding chemoselectivity of the zinc-mediated difluorovinylation compensates this limitation. 19 F NMR (10% in total).
In conclusion, we have disclosed a facile approach to ¢,¢-difluorostyrenes from 1,1-difluoroethylene via the palladiumcatalyzed coupling of the thermally stable 2,2-difluorovinylzinc chlorideTMEDA complex 2a. The high functional group tolerance and the elegant chemoselectivity of the reaction would facilitate the construction of a library of various ¢,¢-difluorostyrenes. The zincTMEDA complex 2a has proven to be storable, and thus is an excellent reagent for introducing the difluorovinyl group.
